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An  evaluation  of  the  effects  of  surface  roughness  on  the 
pressure  distribution  and  boundary  layer  over  coapressor 
blades, in  a  two-d 1  mens ional  cascade  has  been  conpleted.  The 
cascade  consisted  of  seven  NACA  65-A506  airfoils  with  a  two 
inch  chord  and  an  aspect  ratio  of  one.  The  blades  were  set  in 
the  test  section  at  an  angle  of  attack  of  15  deg^es^  The 
test  section  unit  Reynolds  number  for  the  evaluation  was  in 
excess  of  two  ml  1 1  iocy^ier  foot . 

'^he  changes  to  the  cascade  blade  pressure  distribution 
were  minimal  for  moderate  average  roughness  (Ra-24.8  microns) 
to  low  average  roughness  values  (Ra=.18  micron),  except  for 
pressures  near  the  leading  edge  which  were  more  pronounced. 

The  pressure  distribution  for  a  blade  surface  roughness  of 
53.8  microns  differed  considerably  from  the  baseline  case. 

The  cascade  test  blade  experienced  laminar^ separat ion 
with  turbulent  reattachment  at  moderate  to  low  roughness 
levels,  and  fully  turbulent  flow  at  high  roughness  levels. 

The  blade  suction  surface  boundary  layer  thickness  increased 
with  roughness  values  but  was  most  responsive  to  the  transi¬ 
tion  from  laminar  to  turbulent  flow. 


EFFECTS  OF  SURFACE  ROUGHNESS  ON  PRESSURE  DISTRIBUTION 


AND  BOUNDARY  LAYER  OVER  COMPRESSOR  BLADES 
AT  HIGH  REYNOLDS  NUMBER  IN  A 
TWO-DIMENSIONAL  CASCADE 

I.  Introduction 

Increasing  fuel  costs  over  the  last  decade  have  prompted 
operators  of  military  and  civil  aircraft  to  seek  methods  of 
improving  operational  efficiency.  Decreasing  the  aircraft 
fuel  consumption  rate  has  been  a  primary  attempt  by  the  in¬ 
dustry  to  cope  with  the  instability  in  the  fuels  market. 

Considerable  attention  has  been  focused  on  compressor 
and  turbine  blade  surface  quality  to  achieve  increased 
operating  efficiency  for  turbine  engine  powered  aircraft. 
Compressor  and  turbine  blade  surface  quality  is  a  function 
of  two  factors,  the  surface  finish  on  newly  manufactured 
blades  and  the  changes  to  the  original  finish  incurred 
through  normal  use.  Military  aircraft  engines  are  subjected 
to  solid  particle,  corrosive  gas  and  liquid  ingestion  which 
erode  away  the  compressor  blade  surfaces.  Turbine  blades 
are  exposed  to  combustion  by-products  which  also  coat  and 
erode  the  blade  surface. 

Because  of  the  multifaceted  missions  flown  by  military 
aircraft,  they  are  more  susceptible  to  the  effects  of  blade 
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surface  iaperfect ions  than  civil  aircraft.  Schlffler  (Ref. 
i3>  describes  three  distinctly  different  flow  regiaes  in 
the  back  stages  of  high  pressure  ratio  military  aircraft 
engines.  These  flow  regiaes  can  be  characterized  by  the 
following  cascade  flow  boundary  layer  conditions:  laminar 
separation,  turbulent  attached  flow  with  hydraulically  smooth 
blade  surfaces,  turbulent  attached  flow  with  hydraulically 
rough  blade  surfaces.  A  hydraulically  smooth  surface  is 
defined  by  Schlichting  (Ref.  14)  as  a  surface  on  which  the 
protrusions  are  so  small  (or  the  boundary  layer  so  thick)  that 
they  are  all  contained  within  the  laminar  sublayer  of  the 
turbulent  boundary  layer. 

SchAffler  further  established  the  maximum  Reynolds  num¬ 
ber  for  laminar  separation  on  a  compressor  blade  at  120  thou¬ 
sand,  based  on  blade  chord.  Turbulent  flow  would  normally 
exist  above  that  value. 

Compressor  rig  tests  were  performed  by  Bammert  and  Woelk 
(Ref.  2)  to  determine  the  effects  of  blade  surface  roughness 
on  the  overall  performance  of  the  test  compressor.  Operating 
efficiency  decreases  due  to  surface  roughness  ranged  up  to  13 
percent  for  the  roughness  values  studied.  Although  full 
scale  rig  tests  are  the  principal  means  of  gathering  engine 
component  performance  data,  the  test  rigs  are  expensive  to 
operate.  Compressor  blade  cascade  testing  offers  a  low  cost 
alternative  provided  that  the  cascade  test  results  correlate 
with  those  from  an  actual  compressor.  Studies  by  Erwin  and 


Emery  (Ref. 7)  established  that  such  a  correlation  exists 
between  two-dimensional  cascade  data  and  performance  data 
from  test  compressors. 

Previous  studies  (Refs.  10»  15>  assessed  the  effects  of 
surface  roughness  on  the  overall  performance  of  a  two-dimen¬ 
sional  cascade  of  compressor  blades  in  terms  of  total  pres¬ 
sure  loss  through  the  cascade.  This  study  was  concerned  with 
the  effects  of  surface  roughness  on  the  internal  flow  field 
of  a  two-dimensional  cascade  of  compressor  blades. 

Objective  aOil  SSfiJQfi. 

The  objectives  of  this  investigation  were  to: 

1.  Determine  the  effects  of  surface  roughness  on  the 
pressure  distribution  over  compressor  blades  in  a 
two-dimensional  cascade. 

2.  Determine  the  effects  of  surface  roughness  on  the 
boundary  layer  growth  over  the  suction  surface  of 
compressor  blades  in  a  two-dimensional  cascade. 

NACA  65-A506  airfoils  were  selected  for  this  study  as 
representative  compressor  blade  profiles.  Testing  was  con¬ 
ducted  at  the  Air  Force  Institute  of  Technology  (APIT>  Cas¬ 
cade  Test  Facility  (CTF).  The  CTF  has  a  two  inch  by  eight 
inch  two-dimensional  test  section  which  accommodates  seven 
airfoils.  The  flow  field  about  the  center  airfoil  in  the 
cascade  row  was  the  focus  of  this  investigation. 

To  accomplish  the  first  objective*  a  NACA  65  series  air¬ 
foil  was  Instrumented  with  28  static  pressure  taps  around  its 
contour  at  the  midspan  location.  The  chordwise  locations  of 
the  static  pressure  taps  are  shown  in  Figure  1.  Metal  tubing 
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was  inserted  Into  holes  drilled  through  the  end  of  the  test 
airfoil  to  locations  just  below  the  surface  static  pressure 
taps.  The  aetal  tubing  was  used  to  connect  the  pressure  taps 
to  a  Scanivalve  pressure  aeasureaent  system.  The  instrumented 
airfoil  was  placed  in  the  center  position  of  the  cascade  blade 
row. 

The  suction  surface  boundary  layer  thickness  was  meas¬ 
ured  at  six  locations  from  42.75  to  86.4  percent  chord. 

These  locations  corresponded  to  static  pressure  tap  locations 
along  the  suction  side.  The  42.75  percent  chord  limit  was 
established  because  of  limits  in  the  movement  of  the  hot  wire 
traversing  mechanism. 

Velocity  profiles  normal  to  the  blade  surface  at  each 
location  were  used  to  determine  the  boundary  layer  thickness, 
d,  using  a  procedure  outlined  by  Deutsch  and  Zierke  (Ref. 6). 
The  velocity  profiles  were  obtained  using  hot  wire  anemometry. 

Four  surface  roughness  intensities  were  included  in  the 
study.  The  surface  roughness  for  each  configuration  was  char¬ 
acterized  by  average  roughness,  Ra,  and  technical  roughness, 
k,  defined  by  SchAffler  (Ref.  t3:10>.  SchAffler  indicated 
that  Ra  alone  was  not  too  helpful  in  defining  hydrodynamic 
characteristics  of  a  surface  because  a  large  portion  of  the 
smaller  roughness  elements  was  fully  submerged  in  the  laminar 
sublayer.  The  submerged  roughness  elements  are  not  felt  by 
by  the  turbulent  flow  but  are  included  in  the  Ra  measurement 
measurement.  Schlffler’s  roughness  parameter,  k,  describes 
the  peaks  rather  than  the  average  roughness. 


SchAffler's  approach  to  characterizing  surface  roughness 


differed  from  the  traditional  scheme.  Surface  roughness  Is 
traditionally  Measured  In  terms  of  equivalent  sand  roughness, 
ks.  Several  relations  have  been  proposed  in  the  literature 
to  relate  Ra  to  ks.  Kock  and  Smith  (Ref.  9>  proposed  that 
ks  was  equivalent  to  approximately  6.2  times  Ra.  This  re¬ 
sult  was  based  on  profllometer  readings  from  standard  grades 
of  sandpaper.  Baamert  and  Sandstede  (Ref.  3>  proposed  that 
ks  *  2.19  (Ra)-*''''.  Since  a  unique  relationship  between  Ra 
and  ks  does  not  exist  in  the  literature,  ShAffler's  definition 
was  chosen  as  a  second  roughness  parameter  for  this  study. 

The  roughness  parameters  are  defined  in  Appendix  A  and 
are  shown  in  Table  I.  The  overall  effects  of  surface  rough- 
ness  on  cascade  performance  were  measured  In  terns  of  a 
nondinens ional  total  pressure  loss  coef f Icient,  a; . 


TABLE  I. 

I 

I 

Roughness  Data 


Conf.  No. 

2 

3 

4 

5 


Grit  Size 


Basel Ine 
180 
120 
70 


Ra(nicrons) 

0.  18 
19.5 

24.8 

53.8 


k(nicrons> 

1 .6 

173.6 

220.7 

478.8 


II. 


Apparatus 


CftSgadg  lULl  Facility 

This  Investigation  was  conducted  at  the  Air  Force  Insti¬ 
tute  of  Technology  Cascade  Test  Facility.  The  CTF  has  a  test 
section  Reynolds  number  per  foot  In  excess  of  two  million  and 
an  Inlet  turbulence  Intensity  of  less  than  one  percent.  Alli¬ 
son  (Ref.  1>  gives  a  detailed  description  of  the  CTF. 

Air  for  the  CTF  was  drawn  Into  a  sealed  chamber  through  a 
series  of  screen  wire  filters  and  an  electrostatic  air  cleaner 
by  a  centrifugal  blower.  The  blower  was  rated  at  40  horse¬ 
power  with  a  discharge  rating  of  3000  cubic  feet  per  minute  at 
a  flow  pressure  Increment  of  1.66  pounds  per  square  Inch.  The 
outlet  flow  passes  through  a  diffuser  section  Into  a  stilling 
chamber  where  It  then  passes  through  a  screen/honeycomb  flow 
stralghtener  arrangement.  The  conditioned  air  then  enters  the 
two  Inch  by  eight  Inch  test  section. 

Ifial  Section 

A  layout  of  the  CTF's  two-dimensional  test  section  Is 
shown  In  Figure  2.  The  test  section  contained  a  cascade  of 
seven  NACA  65-A506  airfoils.  The  airfoils  had  a  two  inch 
chord  length  with  an  aspect  ratio  of  one.  The  airfoils  were 
set  In  the  test  secticn  at  a  blade  row  angle  of  31  degrees 
and  a  stagger  angle  of  16  degrees.  The  airfoils  were  at  an 
angle  of  attack  of  15  degrees,  relative  to  the  incoming  air 
flow.  The  blade  turning  angle  was  19  degrees. 
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The  airfoils  at  the  top  and  bottoa  of  the  blade  row  were 
half  enbedded  In  the  test  section  wall,  slaulatlng  an  Infinite 
cascade.  The  blade  spacing  was  1.333  Inches.  The  solidity 
based  on  the  two  Inch  chord  and  blade  spacing  was  1.5.  Solid¬ 
ity  Is  defined  by  chord  length/blade  spacing. 

AirtolL  Conf  UttratUaa 

Four  configurations  of  NACA  65-A506  airfoils  were  Inves¬ 
tigated.  The  airfoils  were  cast  froa  Flber-Resln  Corporation 
FR-44  casting  resin  and  5595  aalne  hardner.  The  airfoils  were 
Bade  by  placing  a  nlsture  of  the  casting  resin  and  hardner  In 
an  aluBlnun  casting  sold  for  a  10  hour  curing  period  at  room 
temperature.  The  casting  was  then  heat  treated  In  two  hour 
Increments  &•.  150,  200,  and  250  degrees  F,  respectively,  to 
Increase  stiffness. 

A  baseline  configuration  of  hydraulically  smooth  blades 
was  run  for  comparison.  The  other  configurations  had  differ¬ 
ent  levels  of  surface  roughness  applied.  The  roughness  was 
applied  from  a  point  just  aft  of  the  blade's  leading  edge  to 
the  quarter  chord  location  on  the  suction  side  of  the  blade. 
Tanls  (Ref.  15)  found  that  this  roughness  configuration  caused 
the  greatest  losses. 

Acrylic  sealer  was  used  to  glue  the  different  grades  of 
carborundum  grit  to  the  blades.  A  second  coat  of  sealer  was 
applied  to  the  roughened  area  to  minimize  dlslodgement  of 
particles  during  testing.  The  three  grades  of  carborundum 
used  were  180,  120  and  70. 


The  average  surface  roughness,  Ra,  was  aeasured  with  a 
Rank  Taylor  Hobson  Surtonlc  3  proflloaeter  with  a  paraaeter 
and  plotter  unit  attached.  Ra  was  readily  obtainable  but 
varied  with  the  saaple  length  and  roughness  geometry. 

Sidewail  SvigtlQn  §Y8tci 

A  sidewall  suction  system  was  used  to  reduce  boundary 
layer  growth  along  the  test  section  walls.  The  system  was 
described  in  detail  by  Moe  (Ref.  10).  Moe  found  that  the 
sidewall  suction  system  removed  a  sufficient  quantity  of  the 
sidewall  boundary  layer  to  establish  a  two-dimensional  flow 
field  through  the  test  section. 

EilL  B.ii;Eii8er 

A  two-dimensional  diffuser  section  with  adjustable  end- 
walls  was  attached  to  the  test  section.  The  diffuser  was  13 
inches  long  and  two  inches  wide. 

The  adjustable  endwalls  permitted  the  diffuser  geometry 
to  be  changed  to  natch  different  flow  conditions.  Static 
pressure  taps  were  installed  in  each  endwall  and  along  one 
sidewall.  Proper  alignment  of  the  endwalls  for  this  investi¬ 
gation  was  indicated  by  endwall  and  sidewall  static  pressures 
approximately  equal  to  ambient. 

Instrumentation 

Flow  conditions  in  the  CTF  were  monitored  by  an  array  of 


pressure  transducers  and  thermocouples.  Three  Statham  Labors 
tory  P6TC  transducers  were  used  to  monitor  the  test  section 


inlet  static,  exit  total  and  exit  static  pressures.  A  Stathaa 
PM60TC  and  a  CEC  4-326  transducer  were  used  to  Monitor  the 
stilling  chanber  total  pressure  and  the  anbient  pressure. 
Theraocouples  were  used  to  monitor  the  stilling  chamber  total 
temperature  and  the  anbient  temperature. 

A  Scan i valve  pressure  measurement  system  with  a  Scani- 
valve  PDCR23D  transducer  provided  a  compact  48  channel  pres¬ 
sure  measurement  capability.  The  system  consisted  of  a  model 
48S9-3003  Scanivalve,  a  model  CTLR2/S2-S6  controller  and  a 
model  J102/J104  scanner  position  display.  The  system  was 
used  to  measure  the  pressure  distribution  over  the  surface 
of  the  center  blade  in  the  cascade. 

Each  transducer  was  calibrated  over  its  operating  range. 

A  linear  curve  fit  of  each  calibration  was  used  to  convert  the 
electrical  output  from  the  transducers  to  pressures. 

Two  TSI  1050  hot  wire  anemometer  systems  formed  an  inte¬ 
gral  part  of  the  flow  field  instrumentation.  A  TSI  model 
1241-10  X-wire  hot  film  probe  which  was  used  to  survey  the 
velocity  profile  in  the  wake  region.  A  TSI  model  1218-T1.5 
hot  wire  boundary  layer  probe  was  used  to  obtain  the  velocity 
profile  over  the  suction  surface  of  the  test  blade. 

Calibration  curves  for  the  X-wire  and  the  boundary  layer 
probes  are  shown  in  Figures  3  and  4,  respectively.  The  probes 
were  calibrated  over  a  range  of  expected  operating  conditions. 
The  calibration  data  were  collapsed  into  a  single  curve  by  the 
procedure  outlined  in  (Ref.  15). 

Additionally,  the  CTF  had  17  water  manometers.  Fifteen 


of  the  aanometers  were  connected  to  static  pressure  taps 
along  the  test  section  Inlet,  sidewalls,  and  endwalls.  These 
were  used  to  properly  align  the  test  section  endwalls  to  in¬ 
sure  that  two-dimensional  flow  existed.  The  remaining  two 
manometers  monitored  the  static  pressure  in  the  vacuum  supply 
line  for  the  test  section  boundary  layer  control  system  and 
the  stilling  chamber  total  pressure,  respectively. 

Izl.  Traverser 

The  CTF  was  equipped  with  a  traversing  system  that  was 
capable  of  motor  driven  movements  in  the  vertical  (Y>  and 
axial  (X)  planes  and  could  be  manually  moved  in  the  lateral 
(Z)  plane.  The  resolution  of  the  digital  stepper  motors  of 
the  traverser  system  was  .001  Inch  in  the  Y  direction  and  .002 
inch  in  the  X  direction.  The  traverser  was  integrated  into 
the  data  acquisition  system  and  could  be  manually  controlled 
or  automatically  controlled  through  the  data  acquisition  sys¬ 
tem  software.  The  accuracy  of  the  traverser  system  in  the 
automatically  controlled  node  was  estimated  at  +/-  .002  Inches 
in  both  the  X  and  Y  directions. 

ftgquigitign  lOd.  Processing 

The  CTF's  instrumentation  was  monitored  and  controlled  by 
a  Hewlett-Packard  (HP)  9845B  computer  and  a  HP  3052A  Automatic 
Data  Acquisition  System.  The  data  acquisition  system  was  des¬ 
cribed  in  detail  by  Tan  is  (Ref.  15). 

The  data  acquisition  system  was  quite  versatile.  The 
system  had  on-line  data  reduction  capability  as  well  as  mass 


14 


storage  capability  for  electrical  signals  fro*  the  CTF's  in¬ 
strumentation.  In  the  mass  storage  node  voltage  data  fro*  the 
CTF's  instrumentation  was  stored  on  magnetic  disks.  The  data 
was  later  reduced  to  engineering  units.  The  reduced  data  was 
then  stored  on  magnetic  disks  from  which  it  could  be  printed 


or  plotted  as  desired. 


Ill 


and.  Bnln.  Reduction 


Tft,al.tnq  Pr9ctd«ja 

A  three  phase  test  program  was  developed  to  accoaplish 
the  objectives  of  this  investigation..  The  first  phase  in¬ 
volved  measuring  the  pressure  distribution  over  the  surface  of 
the  cascade  test  blade.  The  flow  field  along  the  suction  sur¬ 
face  of  the  cascade  test  blade  was  then  traversed  to  obtain 
boundary  layer  velocity  profiles.  Finally,  a  survey  of  the 
cascade  wake  region  was  performed  to  obtain  velocity  profiles 
in  the  wake  of  the  central  cascade  blade.  This  series  of 
testing  was  repeated  for  each  configuration. 

Each  phase  of  testing  began  with  an  initial  CTF  run 
period.  The  initial  run  provided  time  for  the  test  section 
to  reach  normal  operating  temperature  (approximately  30-40 
degrees  F  above  ambient  temperature).  After  operating  tem¬ 
perature  was  reached,  the  moveable  diffuser  endwalls  and 
boundary  layer  suction  were  adjusted  to  balance  the  test  sec¬ 
tion.  The  test  section  was  considered  balanced  when  the 
static  pressure  distribution  across  the  inlet  was  uniform  and 
the  static  pressure  along  the  diffuser  walls  was  approxi¬ 
mately  equal  to  ambient  pressure.  Moe  (Ref.  10)  demonstrated 
that  the  flow  field  through  the  balanced  test  section  satis¬ 
fied  the  criteria  established  by  Erwin  and  Emery  (Ref.  7)  and 
and  by  Briggs  (Ref.  4)  for  two  dimensional  flow.  Brigg's  cri- 


terion  of  an  axial  velocity  density  ratio  of  one  was  the  mea¬ 
sure  of  two-dimensionality  for  the  test  section. 

Blade  Pressure  Distribution.  The  pressure  distri¬ 
bution  over  the  center  cascade  blade  for  each  configuration 
was  obtained  by  measuring  the  static  pressure  at  each  of  the 
28  surface  static  pressure  taps  shown  in  Figure  1.  The  static 
pressure  profile  was  measured  before  each  boundary  layer  ve¬ 
locity  profile  traverse.  These  measurements  were  taken  to  de¬ 
termine  if  the  effects  of  blockage  by  the  traverser  probe  sup¬ 
port  airfoil  were  negated  by  rebalancing  the  test  section  af¬ 
ter  each  axial  traverser  movement. 

The  test  blade  pressure  data  was  taken  with  the  Scani- 
valve  pressure  measurement  system.  The  discrete  pressure  mea¬ 
surements  were  used  to  calculate  the  nondimensional  pressure 
coefficient,  Cp,  at  each  static  pressure  tap  location. 

Blade  Boundary  Laver  Velocity  Distribution.  The  velocity 
distribution  normal  to  the  suction  surface  of  the  center  cas¬ 
cade  blade  was  measured  with  a  TSI  1218  boundary  layer  probe 
installed  in  the  X-Y  traverser  probe  support.  The  velocity 
profile  was  measured  at  six  locations  from  42.75  to  86.4  per¬ 
cent  chord.  The  measurement  locations  were  42.75,  50.75, 
66.75,  74.75,  78.75,  and  86.4  percent  chord.  Velocity  data 
was  not  taken  upstream  of  the  42.75  percent  chord  location 
because  of  the  axial  movement  limitations  of  the  traverser 
system . 

The  traverser  probe  support  was  aligned  parallel  to  the 
center  cascade  blade's  mean  camber  line  at  the  trailing  edge. 
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An  angular  adjustaent  routine  was  Included  in  the  data  acqui¬ 
sition  software  to  aaintain  a  traverse  pattern  normal  to  the 
local  blade  surface.  The  routine  calculated  the  X  position 
required  for  the  Y  distance  of  the  probe  from  the  blade  sur¬ 
face  to  maintain  a  normal  traverse  pattern.  The  X  position 
was  corrected  after  each  Y  traverse  increment. 

The  orientation  of  the  boundary  layer  probe  in  the  cas¬ 
cade  channel  is  shown  in  Figure  5.  Each  traverse  consisted  of 
a  Y  displacement  from  an  initial  reference  position  of  approz- 
mately  .03  inch  in  .005  inch  increments.  The  initial  ref¬ 
erence  position  was  determined  by  manually  moving  the  boundary 
layer  probe  to  a  position  .025  inches  from  the  blade  surface 
at  the  desired  chordwise  position.  The  .025  inch  displacement 
was  set  using  a  standard  .025  inch  thickness  gage.  The  tra¬ 
verser  system's  X-Y  position  indicator  readings  were  recorded 
at  the  reference  position  to  establish  a  known  reference  in 
the  traverser  coordinate  system.  This  procedure  was  repeated 
at  each  traverse  location.  The  estimated  overall  accuracy  of 
the  probe  positioning  procedure  was  1  .005  inch  in  the  Y 
direction  and  ±  .004  inch  in  the  X  direction. 

The  reasons  for  the  initial  displacement  of  the  probe 
from  the  blade  surface  were  twofold: 

1.  The  .03  inch  displacement  of  the  probe  from  the  blade 
surface  placed  the  hot  wire  probe  beyond  the  region 
of  Influence  of  the  wall*  for  heat  transfer  purposes. 
This  assumption  was  based  on  research  by  Oka  and 
Kostlc  (Ref.  11).  They  found  that  the  cooling  ef¬ 
fects  of  a  cold  wall  on  a  hot  wire  affected  the  ve¬ 
locity  readings  near  the  surface.  The  measured  ve¬ 
locities  in  the  affected  region  were  as  much  as  five 
to  six  times  the  true  value.  They  established  a  max- 
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laua  region  of  influence  for  the  probe  tested  at  one 
ailliaeter  (.04  inch)  at  zero  flow  velocity.  The  re¬ 
gion  of  influence  decreased  with  Reynolds  number,  but 
a  definitive  relationship  was  not  established. 

2.  The  probe  assembly  tended  to  vibrate  as  the  traverser 
traveled  through  the  boundary  layer  to  its  reference 
position.  The  vibrations  rapidly  damped  out  but  were 
present  when  the  probe  was  at  its  closest  position  to 
the  blade  surface.  The  initial  displacement  of  the 
probe  prevented  the  likelyhood  of  the  wire  contacting 
the  blade  surface. 


Figure  5.  Boundary  Layer  Probe  Orientation 

Wake  Survey .  A  survey  of  the  wake  region  behind  the 
center  cascade  blade  was  performed  for  each  roughness  configu¬ 
ration.  Velocity  profiles  across  the  equivalent  of  one  cas¬ 
cade  channel  were  measured  at  1.25,  2.25,  3.25,  and  4.25 
Inches  downstream  of  the  cascade  exit  plane.  Each  traverse 
consisted  of  100  points  at  .013  inch  increments.  The  velocity 
profiles  were  measured  with  a  TSI  1241-10  hot  film  X-wire 
probe . 

Data  Reduction 

Blade  Pressure  Distribution.  Blade  pressure  dis¬ 


tribution  for  each  configuration  was  obtained  using  a  data 


acquisition  coaputer  prograa  with  on-line  data  reduction  capa¬ 
bility.  The  prograa  controlled  the  data  acquisition  systea 
scanner  and  digital  voltaeter  to  saaple  the  test  section  inlet 
conditions  with  each  cycle  of  the  Scanivalve  pressure  aeasure- 
aent  systea.  The  prograa  also  accessed  the  CTP's  transducer 
calibration  file.  This  inforaation  was  used  to  convert  trans¬ 
ducer  voltage  outputs  to  pressures. 

Boundary  Laver.  The  boundary  layer  along  the 
suction  surface  of  the  test  blade  was  calculated  froa  the  aea- 
sured  velocity  profiles.  The  procedure  used  was  outlined  by 
Deutsch  and  Zierke  (Ref.  6>. 

Flow  along  the  suction  surface  of  a  coapressor  blade  in  a 
cascade  is  subjected  to  a  noraal  pressure  gradient  which 
causes  the  velocity  profile  to  have  curvature  beyond  the  boun¬ 
dary  layer  region.  This  aakes  the  detera inat ion  of  the  boun¬ 
dary  layer  edge  velocity  soaewhat  difficult.  Deutsch  and 
Zierke  assuaed  that  the  aeasured  velocity  profile  represented 
a  coaposlte  velocity  profile.  The  coaposlte  profile  consisted 
of  a  region  that  was  doainated  by  viscous  effects,  a  region 
that  was  inviscid,  and  a  region  where  the  viscid/ Inviscid 
flows  interacted.  The  inviscid  region  was  Influenced  by  the 
noraal  pressure  gradient  which  resulted  in  a  curved  velocity 
profile,  caused  by  a  decrease  in  the  flow  velocity  as  the 
channel  static  pressure  increased.  Thus,  the  aeasured 
velocity  profile  was  coaposed  of  an  inviscid  coaponent,  a  vis¬ 
cid  coaponent  (boundary  layer  velocity  profile),  and  a 
coaponent  that  was  coaaon  to  both  profiles,  the  edge  velocity. 
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The  edge  velocity  is  equivalent  to  the  free  streaa  velocity 
in  flat  plate  boundary  layer  theory. 

The  composite  velocity  is  expressed  mathematically  as 

Um  =  0  +  “  U.  (1) 

where 

Un  =  measured  velocity 

U  3  boundary  layer  velocity 

Uirtv  s  inviscid  velocity 

Uk  s  edge  velocity 

Furthermore,  the  measured  velocity  at  the  wall  must  go  to 
zero.  With  the  no  slip  boundary  condition  for  real  fluid 
flow,  U  must  also  equal  zero  at  the  wall.  This  indicates 
that  Uir.N.  at  the  wall  must  equal  Uk. 

Deutsch  and  Zierke  used  an  extrapolated  quadratic  curve 
fit  through  a  statistical  number  of  points  in  the  inviscid  re¬ 
gion  to  determine  Uinv.  at  the  wall.  The  statistical  number 
of  points  Included  in  the  curve  fit  was  determined  by  locat¬ 
ing  a  range  of  points  beyond  the  maximum  velocity  point  where 
the  calculated  wall  velocity  was  essentially  Invariant.  N/2  ± 
N/4  points  provided  the  optimum  curve  fit,  where  N  is  the  num¬ 
ber  of  points  from  the  maximum  velocity  position  to  the  outer 
edge  of  the  velocity  profile. 

This  procedure  was  Incorporated  into  one  of  three  data 
reduction  programs  used  to  calculate  the  boundary  layer  veloc¬ 
ity  profile  and  thus,  the  boundary  layer  thickness,  S,  which 
is  defined  by 
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S  =  y<0.99  U.> 


(2) 


If  he  re 

Y  >  displaceeent  from  blade  surface  at  U  equals  . 99Uk 

The  first  program  reduced  the  boundary  layer  hot  wire 
measurements  to  velocities.  The  velocity  profiles  from  each 
traverse  were  then  processed  with  a  second  program  which  per¬ 
formed  a  first  through  fourth  order  least  squares  curve  fit  of 
the  points  in  the  Inviscld  region.  The  least  squares  routine 
was  outlined  by  Gerald  (Ref.  8:468-474»  505-507).  The  optimum 
curve  fit  of  the  inviscld  region  was  selected  using  Gerald's 
criterion  of  minimum  variance,  r* .  The  variance  for  each  curve 
fit  was  defined  by 

r*  =  t  (3) 

N  -  n  -  i 

where 

r*  =  variance 

ei  =  error  (measured  displacement  -  calculated 
displacement)  at  measured  velocity 

N  «  Number  of  points  in  the  inviscld  region 

n  =  degree  of  polynomial 

The  third  program  used  the  equation  for  the  optimum  inviscld 
profile  to  calculate  the  boundary  layer  velocity  profile  de¬ 
fined  by  Eq  (i).  The  boundary  layer  thickness  was  determined 
using  Eq  ( 2) . 

Wake  Survey.  The  velocity  profile  was  measured  across 
one  equivalent  channel  width  in  the  wake  of  the  center  cas¬ 
cade  airfoil.  A  traverse  was  taken  at  1.25,  2.25,  3.25, 
and  4.25  inches  aft  of  the  cascade  exit  plane.  The  hot  wire 
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•easureaents  were  converted  to  velocity  values  based  on  the 
hot  fila  probe  calibration  curve  shown  in  Figure  3. 

The  velocity  profiles  were  processed  by  a  second  coaputer 
prograa  to  yield  the  nondlaenslonal  total  pressure  loss  coef- 
ficient.  The  aeasured  velocity  profiles  were  corrected  for 
previously  observed  hot  fila  probe  errors  (Refs.  10,  15)  which 
indicated  that  velocities  were  two  to  five  percent  above  ve- 
locities  obtained  using  a  pitot-static  probe. 

The  exit  plane  total  pressure  and  the  nondlaenslonal 
total  pressure  loss  coefficient  are  defined  by  the  following 
equat ions : 


»oa  =  Pa(  1  >  V»« 

2c»Toa 


j 


where 


1/2  Vit 


Poi  =  inlet  total  pressure 

aass  averaged  exit  total  pressure 
1/2  pVi*  =  inlet  dynaaic  pressure 
Tot  inlet  total  teaperature 

The  aass  averaged  exit  total  pressure  is  calulated  by 


=  [  Po^  PVS 
J  pVa  dA 


IV.  Rvsvlts  aol  Discussion 

Two  configurations  of  NACA  65  series  test  blades  were  in¬ 
strumented  with  static  pressure  taps.  One  blade  had  all  pres¬ 
sure  taps  aligned  along  the  blade  centerline.  The  other  blade 
had  alternating  taps  with  every  other  tap  offset  by  i/8  inch 
froM  the  centerline.  The  two  blades  were  evaluated  to  deter- 
■ine  if  the  alignment  pattern  of  the  static  pressure  taps  in¬ 
fluences  the  measured  pressures.  The  calculated  nondimen- 
slonal  pressure  coefficient*  Cp*  profiles  for  the  two  blades 
are  shown  in  Figure  6.  The  profiles  were  essentially  identi¬ 
cal  in  the  region  where  the  pressure  taps  were  closely  spaced, 
chordwlse.  The  indicated  pressure  coefficient  at  the  trailing 
edge,  100  percent  chord  location,  was  computed  as  the  arithme¬ 
tic  average  of  the  last  measured  aft  suction  and  pressure  sur¬ 
face  values. 

The  blade  with  the  aligned  pressure  taps  was  used  for  the 
study.  Because  of  difficulty  in  producing  instrumented 
blades,  a  single  blade  was  used  for  all  four  test  configura¬ 
tions.  Roughness  elements  were  removed  from  the  test  blade 
blade  after  each  configuration  was  tested.  Carborundum  grit 
for  the  next  configuration  was  then  applied. 

Two-dimensional  flow  through  the  test  section  was  main¬ 
tained  by  adjusting  the  diffuser  endwalls  and  the  test  section 
boundary  layer  control  suction.  The  test  section  was  rebal- 
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anced  after  the  traverser  was  aoved  to  another  chordwise  tra 


verse  location. 

Blade  PrcsSVire  Coefficient 

The  static  pressures  along  the  test  blade  surface  were 
used  to  calculate  the  nond 1 mens  Iona 1  pressure  coefficient 
at  each  pressure  tap  location  along  the  blade  aldspan  con¬ 
tour.  Cp  Is  defined  as 

Cp  =  Zx  (7> 

1/2  pVi* 

The  local  blade  static  pressure  (Pi_>  was  also  required  to 
reduce  hot  wire  boundary  layer  probe  aeasureaents  to  veloc¬ 
ity  values.  Therefore*  pressure  profiles  were  obtained  at 
each  traverse  location  for  each  of  the  four  test  configura¬ 
tions.  The  Cp  plots  at  each  traverse  location  were  essen¬ 
tially  identical  for  a  particular  blade  roughness.  This  in¬ 
dicated  that  the  flow  field  through  the  cascade  blade  row  did 
not  change  for  the  different  traverse  positions. 

Average  pressure  profiles  for  configurations  2  thru  5 
are  shown  in  Figures  7  thru  10,  respectively.  The  suction 
surface  pressure  profiles  for  configuration  2  thru  4  showed 
a  characteristic  flat  region.  Cebeci  (Ref.  5)  described 
flat  spots  in  pressure  profiles  as  separation  zones.  The 
flow  for  configurations  2  thru  4  appeared  to  separate  at 
approx iaately  34.75  percent  chord  then  reattach  before  the 


42.75  percent  chord  location  in  configuration  3  and  4  and  by 

46.75  percent  chord  in  configuration  2. 

The  occurrence  of  separation  bubbles  was  also  noted  by 
Sazena  (Ref.  12)  for  slailar  flow  conditions.  Sazena  noted 
flow  separation  with  reattachaent  for  smooth  blades  and 
blades  with  roughness  froa  the  leading  edge  to  iO  and  20 
percent  chord*  respectively*  for  a  NACA  65  (21>  10  compressor 
blade  cascade.  The  test  section  chord  Reynolds  number  for 
Sazena* s  data  was  of  the  sane  order  of  magnitude  as  that  for 
this  investigation. 

The  pressure  coefficient  near  the  leading  edge  of  the 
suction  sides  of  configurations  3  and  4  increases  from  the 
baseline  value*  with  Cp  for  configuration  4  being  slightly 
higher  than  for  configuration  3.  This  is  consistent  with  re¬ 
sults  for  cascade  flow  using  blades  with  increasing  surface 
roughness  observed  by  Sazena. 

The  pressure  profile  for  configuration  5  was  different 
from  the  other  three  configurations.  The  suction  surface 
pressure  was  25  percent  lower  than  the  baseline  configuration 
near  the  leading  edge.  The  pressure  side  leading  edge  pres¬ 
sure  was  i.6  times  the  baseline  value.  Ezcept  for  the  pres¬ 
sure  side  leading  edge  region*  the  pressure  coefficients 
were  generally  lower  around  the  contour  than  for  the  other 
configurations.  The  separation  bubble  apparent  in  the  data 
for  the  other  three  configurations  was  not  visible  in  this 
case.  Turbulent  flow  appeared  to  ezist  over  the  entire  sue- 


tion  surface  unless  a  separation  bubble  occurred  In  the  re¬ 
gion  from  15  to  25  percent  chord  which  did  not  have  pressure 
taps . 

Blade  Boundary  Laver 

The  suction  surface  boundary  layer  thickness,  S,  was  de- 
terained  froa  42.75  to  86.4  percent  chord  for  each  roughness 
configuration  using  Eq  <2>.  The  boundary  layer  velocity  pro¬ 
files  were  calculated  using  Eq  (i>.  The  optiaua  (Jinv  pro¬ 
file  was  calculated  using  N/2  of  the  outeraost  points  of  the 
aeasured  velocity  profile.  The  profile  was  obtained 

using  the  optiaua  first  or  second  order  least  squares  curve 
fit,  based  on  Gerald's  criterion  (Ref.  8)  for  the  optiaua 
fit.  The  velocity  profiles  obtained  during  this  investigation 
did  not  exhibit  as  auch  curvature  as  the  profiles  aeasured  by 
Oeutsch  and  Zierke  (Ref.  6>  because  of  the  differences  in 
airfoil  shape  and  traverse  length. 

Plots  of  the  coaposite  velocity  profiles  at  each  tra¬ 
verse  location  for  configuration  2  are  shown  in  Figures  11 
through  16.  Each  figure  has  a  plot  of  the  aeasured  velocity 
profile,  a  curve  fit  of  the  inviscid  velocity  profile,  and 
the  calculated  boundary  layer  velocity  profile.  The  indi¬ 
cated  edge  velocity  is  equivalent  to  the  free  streaa  velocity 
in  flat  plate  boundary  layer  theory.  Plots  for  the  other 
configurations  are  shown  in  Appendix  B.  The  shape  of  the 
boundary  layer  profiles  was  essentially  constant  for  all  of 
the  plots,  indicating  that  siailar  flow  conditions  were  pre- 


sent  In  the  surveyed  region  for  all  roughness  values  tested. 
The  boundary  layer  parameters  at  each  traverse  location  for 
all  configurations  are  shown  in  Table  2.  The  calculated  ve¬ 
locity  based  on  the  measured  local  static  pressure  (Us)  at 
each  traverse  is  also  included  in  Table  2.  For  the  surveyed 
portion  of  the  suction  surface,  the  values  of  Us  and  Uk  were 
approximately  equal  when  the  blade  channel  static  pressure 
gradient  was  essentially  constant.  This  position  corresponded 
to  the  42. 7S  percent  chord  location  for  this  investigation. 
Deutsch  and  Zierke*s  (Ref.  6:30)  data  showed  a  similar  trend 
for  the  values  of  Ua  and  Ub. 

A  plot  of  boundary  layer  thickness  as  a  function  of 
chordwise  location  for  each  configuration  is  shown  in  Figure 
17.  The  boundary  layer  thickness  increased  with  increasing 
roughness,  but  did  not  follow  any  dedectable  trend.  Boundary 
layer  growth  was  also  indicated  qualitatively  by  the  number 
of  points  in  the  boundary  layer  velocity  profile  with  a  magni¬ 
tude  less  than  Us,  since  the  initial  sensor  displacement 
from  the  blade  surface  was  approximately  equal  for  the  data 
being  compared.  The  largest  change  in  9  for  a  given  traverse 
location  was  between  configurations  2  and  3,  although  the 
largest  change  in  roughness  was  between  configurations  4  and 
5.  The  smallest  change  in  9  was  between  configurations  3 
and  4. 

The  boundary  layer  for  each  roughness  configuration  had  a 
region  where  the  change  in  9  from  one  traverse  location  to  the 
next  was  minimal.  The  regions  were  from  66.75-74.75  percent 


chord  for  configuration  2,  74.75-78.75  percent  chord  for  con¬ 
figurations  3  and  4.  This  investigation  did  not  establish  a 
reason  for  the  occurrence  of  these  regions.  However,  they 
appeared  Just  beyond  the  transition  to  turbulent  flow  for 
configurations  2,  3,  and  4. 

Figure  18  is  a  plot  of  the  boundary  layer  edge  velocity 
as  a  function  of  chordwise  position.  The  suction  surface 
boundary  layer  edge  velocity  decreased  at  a  nearly  constant 
rate  with  increasing  roughness  except  for  configuration  5. 
Uk*s  rate  of  decrease  for  configuration  5  changed  at  approx- 
iaately  50.75  percent  chord.  Beyond  that  point  the  slope  of 
the  Uk  curve  decreased,  resulting  in  values  of  Uk  higher  than 
those  for  the  other  roughness  values  at  traverse  locations 
near  the  trailing  edge. 

Figure  19  is  a  plot  of  the  boundary  layer  velocity  pro¬ 
file  for  configuration  5,  74.75  percent  chord,  taken  on  two 
different  test  days.  The  closeness  of  the  profiles  indicated 
that  the  testing  technique  for  this  investigation  produced 
repeatable  results. 
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Boundary  Layer  Velocity  Profile,  Conf.  No.  2,  86.4  Percent  Chord:  Ra-.18  micron 
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Boundary  Layer  Velocity  Profile,  Conf.  No.  2,  ?B,75  Percent  Chord:  Ra*=. 18  micron 
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Boundary  Layer  Velocity  Profile,  Conf.  No.  2,  74.75  Percent 
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Boundary  Layer  Velocity  Profile,  Conf.  No.  2,  GS.75  Percent  Chord;  Ra-. 18  micron 


Boundary  Layer  Velocity  Profile,  Conf.  No.  2,  50.75  Percent 
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Figure  19.  CTF  Repeatability  Evaluation,  Conf.  No.  5,  74.75  Percent  Chord:  Ra“53.8  microns 


TABLE  II 

Blade  Boundary  Layer  Paraeeters 


Conf.  No. 

Traverse  Position 
(percent  chord) 

U.(fps> 

U.(fps) 

Si  in) 

2 

86.4 

472 

492 

.047 

78.75 

489 

509 

.042 

74.75 

499 

518 

.038 

66.75 

507 

532 

.038 

50.75 

541 

565 

.035 

42.75 

547 

564 

.031 

3 

86.4 

463 

499 

.087 

78.75 

489 

504 

.076 

74.75 

486 

511 

.076 

66.75 

504 

521 

.070 

50.75 

534 

542 

.057 

• 

42.75 

542 

546 

.056 

4 

86.4 

463 

487 

.  106 

78.75 

477 

497 

.096 

74.75 

486 

503 

.094 

66.75 

502 

514 

.077 

50.75 

534 

532 

.066 

42.75 

541 

540 

.059 

5 

86.4 

475 

503 

.145 

78.75 

488 

507 

.129 

74.75 

496 

512 

.121 

66.75 

509 

520 

.  1 1 

50.75 

536 

526 

.083 

42.75 

544 

537 

.074 

SaKs.  Survey 


Schlichting  (Ref.  14)  indicated  that  a  deterainat ion  of 
losses  through  a  cascade  require  three  separate  partial  calcu¬ 
lations. 

1.  Deternination  of  the  pressure  distribution  over  each 
blade  contour. 

2.  Calculation  of  the  boundary  layer  at  the  blades. 

3.  Deternination  of  the  losses  due  to  nixing  in  the  wake 
behind  the  cascade. 
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In  this  study  the  pressure  distribution  and  a  partial 
boundary  layer  aap  for  the  center  blade  in  the  cascade  were 
measured.  However*  a  method  for  determining  the  mixing 
losses  was  not  evident.  Therefore*  the  nondimensional  total 
pressure  loss  coefficient  determined  from  blade  wake  surveys 
by  Eq  (4-6)  was  used  to  quantify  the  overall  cascade  perform¬ 
ance  . 

The  measured  value  of  ^  for  configurations  2  thru  5 
were  .051*  .0525*  .0551*  and  .0808*  respectively.  The  dif¬ 
ference  between  the  values  of  Q  for  configurations  2*  3*  and  4 
was  small  in  comparison  to  the  difference  in  roughness  value. 

Roughness  values  for  configurations  2  thru  4  are  rela¬ 
tively  close  to  those  tested  by  Moe  (Ref.  10).  Moe  reported 
Q*  s  of  .0387*  .044*  and  .0483  for  his  equivalent  roughness 
configurations.  Examination  of  Moe^s  data  revealed  a  discrep¬ 
ancy  in  the  mass  flow  calculation.  Corrected  values  of  (J  for 
Moe’s  first  and  third  cases  were  .0428  and  .0534.  The  .0534 
value  was  comparable  to  the  .0551  value  obtained  for  configu¬ 
ration  4  of  this  study.  Because  of  the  difference  in  the  loss 
coefficient  for  configuration  2  and  Moe's  baseline  case*  an 
additional  evaluation  was  performed  in  which  the  test  blade 
was  replaced  with  a  smooth  blade  (Ras.07  micron)  without  pres¬ 
sure  taps.  A  loss  coefficient  of  .045  was  obtained.  This 
value  was  comparable  to  Moe's  baseline  loss  coefficient. 

The  .11  micron  increase  in  Ra  from  the  smooth  blade  to 
the  baseline  (configuration  2)  test  blade  resulted  in  a  13 
percent  increase  in  ij.  As  the  surface  roughness  was  in- 


creased  froa  the  baseline  roughness  (Rsb.IS  micron)  to  that  of 
configuration  3  (Ra=19.5  microns),  configuration  4  (Ras24.8 
microns),  and  configuration  S  (Ra«53.8  microns),  the  loss 
coefficient  increased  by  2.9,  8.0,  and  38.4  percent,  respec¬ 
tively. 
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The  pressure  distribution  over  the  centerline  contour 
of  the  central  cascade  blade  and  the  suction  surface  boundary 
layer  profile  froa  42.75  to  86.4  percent  chord  were  investi¬ 


gated.  Analysis  of  the  data  taken  over  the  course  of  the 
study  yielded  the  following  conclusions. 


1.  Fron  the  pressure  profiles,  it  appeared  that  lami¬ 
nar  separation  with  reattached  turbulent  flow  occur¬ 
red  on  the  cascade  blades  for  moderate  (Ra=24.8 
microns)  to  small  <Ras.l8  micron)  roughness  values. 
The  point  of  reattachment  moved  toward  the  leading 
edge  with  increasing  roughness. 

2.  Increasing  surface  roughness  causes  a  decrease  in 
the  boundary  layer  edge  velocity. 

3.  The  effects  of  Increasing  surface  roughness  on  the 
nondimensional  total  pressure  loss  coefficient  are 
significant  at  small  roughness  values.  As  roughness 
values  Increase,  a  range  of  values  exist  that  have 
minimal  effects  on  the  loss  coefficient.  Higher 
roughness  values  produce  further  significant  in¬ 
creases  in  the  loss  coefficient. 


Recommendations 

If  cascade  testing  is  to  be  validated  as  an  alternative 
to  full  scale  component  rig  testing,  flow  conditions  in  the 
cascade  must  be  similar  to  those  in  the  actual  component. 

Since  the  turbulence  levels  for  actual  engine  compressors  are 
considerably  higher  than  those  experienced  in  the  CTF,  a  study 
of  the  effects  of  varying  the  test  section  inlet  turbulence 
level  on  the  cascade  performance  would  be  of  value. 


The  suction  surface  boundary  layer  thickness  over  the 
rear  half  of  the  test  blade  was  investigated  in  this  re¬ 
search.  A  More  detailed  investigation  should  be  directed 
toward  the  region  of  the  apparent  separation.  Such  a  study 
should  explore  the  dynamics  of  the  flow  field  in  the  separa 
tion  zone  and  performance  gains  attainable  by  treating  the 
separation  problem. 


APPENDIX  A:  RomhMgg  Definition 


The  aritheetlc  average  surface  roughness,  Ra,  Is  defined 
by  SchAffler  (Ref.  13:10)  as 

Ra  -  AA  «  CLA  -  1/L  /!.  |Y|  dz  (8 

Ra  is  noreally  obtained  with  a  proftloaeter  or  similar 
Instruaent  that  moves  a  stylus  across  the  surface  of  the  test 
material.  The  stylus  displacements  are  sensed  electrically 
and  are  Integrated  over  the  traverse  length  to  yield  Ra.  The 
average  roughness  Is  measured  In  micrometers  (microns)  or 
mlcrolnches.  Figure  18  shows  a  typical  surface  roughness 
trace  and  a  definition  of  Ra. 


Figure  18.  Average  Surface  Roughness,  Ra 


SchAffler's  roughness  parameter,  k,  is  the  arithmetic 
mean  of  the  10  highest  peaks  (millimeters)  minus  the  arith¬ 
metic  mean  of  the  10  deepest  grooves  (millimeters): 


(9) 


SchAffler  also  stated  that  k  *  8.9  Ra.  This  equation  estab¬ 
lishes  a  relationship  between  the  measured  roughness  parame¬ 
ter  and  the  physical  surface  roughness  elements  that  actually 
Influence  the  flow. 


APPENDIX  B:  Boundary  Laver  Velocity  Profiles 

This  appendix  contains  plots  of  the  composite  boundary 
layer  velocity  profiles  for  configurations  3  thru  5. 
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ty  Pro#U« 


Boundary  Layer  Velocity  Profile,  Conf.  No.  3,  86.4  Percent  Chord:  Ra^lS.S  microns 


Boundary  Layer  Velocity  Profile,  Conf.  No.  3,  78.75  Percent  Chord:  Ra>>19.5  microns 


Boundary  Layer  Velocity  Profile,  Conf.  No.  3,  66.75  Percent  Chord:  Ra**i9.S  microns 
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Ftguro  26.  Boundary  Layer  Velocity  Profile,  Conf.  No.  3,  50.75  Percent  Chord:  Ra-19.5  microna 


H»Mur«d  Vsloetty  Profti* 
Invtaotd  Valool'ty  P^oftI• 
Boundary  L«y«r  Vatootty  Profit* 
Edg*  V*tootty  (  946  ft<'**a  ) 


NI  ‘23UJ^nS  33NUiSia 


Boundary  Layer  Velocity  Profile,  Conf.  No.  3,  42.75  Percent  Chord:  Ra-19.S  elcrone 


Figure  29.  Boundary  Layer  Velocity  Profile,  Conf.  No.  4,  78.75  Percent  Chord:  Ra=24.0  microns 


Boundary  Layer  Velocity  Profile,  Conf.  No.  4,  74.75  Percent  Chord:  Ra’=24.8  microns 


Boundary  Layer  Velocity  Profile,  Conf.  No.  4,  B6.75  Percent  Chord:  Ra-24.8  microns 


Boundary  Layer  Velocity  Profile,  Conf.  No.  4,  50.75  Percent  Chord;  Ra=24.8  microns 
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Boundary  Layer  Velocity  Profile,  Conf.  No.  4,  42.75  Percent  Chord;  Ra-24.8  microns 
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Boundary  Layer  Velocity  Profile,  Conf.  No.  5,  78.75  Percent  Chord;  Ra-53.6  microns 


MoMur«d  V»)oatty  Profile 
Invieold  Vslooity  Profile 
Boundary  Layer  Veloolty  Profile 
Edge  Veloolty  (  512.4  ft^eeo  ) 
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Boundary  Layer  Volocity  Profile,  Conf.  No.  5,  74.75  Percent  Chord:  Ra~53.8  microns 
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Figure  38.  Boundary  Layer  Velocity  Profile,  Conf.  No.  5,  50. ?5  Percent  Chord:  Ra^SS.B  microns 


Boundary  Layer  Velocity  Profile,  Conf.  No.  5,  42. ?5  Percent  Chord:  Ra**53.0  microns 
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An  evaluation  of  the  effects  of  surface  roughness  on  the 
pressure  distribution  and  boundary  layer  over  coapressor 
blades  in  a  two-diaensional  cascade  has  been  completed.  The 
cascade  consisted  of  seven  NACA  65-A506  airfoils  with  a  two 
inch  chord  and  an  aspect  ratio  of  one.  The  blades  were  set  in 
the  test  section  at  an  angle  of  attack  of  15  degrees.  The 
test  section  unit  Reynolds  number  for  the  evaluation  was  in 
excess  of  two  million  per  foot. 

The  changes  to  the  cascade  blade  pressure  distribution 
were  minimal  for  moderate  average  roughness  (Ra=24.8  microns) 
to  low  average  roughness  values  (Ra=.18  micron>>  except  for 
pressures  near  the  leading  edge  which  were  more  pronounced. 

The  pressure  distribution  for  a  blade  surface  roughness  of 
53.8  microns  differed  considerably  from  the  baseline  case. 

The  cascade  test  blade  experienced  laminar  separation 
with  turbulent  reattachment  at  moderate  to  low  roughness 
levels,  and  fully  turbulent  flow  at  high  roughness  levels. 

The  blade  suction  surface  boundary  layer  tnickness  increased 
with  roughness  values  but  was  most  responsive  to  the  transi¬ 
tion  from  laminar  to  turbulent  flow. 


